Abstract Early after stroke, there is loss of intracortical facilitation (ICF) and increase in short-interval intracortical inhibition (SICI) in the primary motor cortex (M1) contralateral to a cerebellar infarct. Our goal was to investigate intracortical M1 function in the chronic stage following cerebellar infarcts (>4 months). We measured resting motor threshold (rMT), SICI, ICF, and ratios between motor-evoked potential amplitudes (MEP) and supramaximal M response amplitudes (MEP/M; %), after transcranial magnetic stimulation was applied to the M1 contralateral (M1 contralesional ) and ipsilateral (M1 ipsilesional ) to the cerebellar infarct in patients and to both M1s of healthy age-matched volunteers. SICI was decreased in M1 contralesional compared to M1 ipsilesional in the patient group in the absence of side-to-side differences in controls. There were no significant interhemispheric or between-group differences in rMT, ICF, or MEP/M (%). Our results document disinhibition of M1 contralesional in the chronic phase after cerebellar stroke.
Introduction
Cerebellar projections modulate activity in the contralateral primary motor cortex (M1 contralesional ) through dentothalamocortical projections [1, 2] . Patients with limb ataxia due to cerebellar lesions often present with impairment in dexterity due to grip-load force in coordination [3, 4] , prediction of sensory outcome of motor commands, correction of motor commands through internal feedback, and motor learning [5] [6] [7] [8] . Acute ischemic damage of deep cerebellar nuclei is known to result in ataxia and loss of excitatory input in M1 contralesional . The influence of chronic cerebellar lesions on intracortical motor function has not been investigated.
Transcranial magnetic stimulation (TMS) can be used to evaluate intracortical excitability. A suprathreshold test stimulus given over M1 preceded by a subthreshold stimulus (conditioning stimulus) results in suppression (short-interval intracortical inhibition, SICI) or facilitation (intracortical facilitation, ICF) of test responses [9] . SICI and ICF likely reflect intracortical excitability in separate excitatory and inhibitory neurons, with a relative contribution of spinal mechanisms to ICF [10] . Intra-and intersubject variability is higher for SICI and ICF than for other measures of excitability to TMS such as motor threshold. However, the difference in SICI and ICF between the right and left hemispheres is minimal, making interhemispheric asymmetry a stable neurophysiological marker [11, 12] .
Patients with acute cerebellar infarcts and decreased SICI or increased ICF in M1 contralesional have poor performance in dexterity tests, while patients without these abnormalities have a performance within the normal range [1] . Interhemispheric asymmetry in SICI and ICF tends to normalize 5 to 6 weeks later in parallel with clinical improvement [1] . Considering that the "lesioned" cerebellum modulates intracortical excitability of M1 contralesional [2] , we hypothesized that (1) differences in intracortical excitability between M1 contralesional and M1 ipsilesional to a cerebellar infarct would exist in the chronic phase after a unilateral cerebellar infarct and (2) decreased SICI and increased ICF in M1 contralesional would correlate with hand dexterity.
Materials and Methods

Subjects
Seven patients (age, 45.8±9.0 years) with chronic (26.7± 34.3 months; range, 4-108 months) cerebellar unilateral infarcts ( Fig. 1 ) and seven age-matched healthy volunteers (47.1± 15.6 years) participated in the study. National
Institutes of Health Stroke Scale (NIHSS) [13] , JebsenTaylor test (JTT) [14] , and the scale for the assessment and rating of ataxia (SARA) [15] , scores are shown in Table 1 . NIHSS is a widely clinical scale that provides a quantitative measure of stroke-related neurologic deficit [13] . JTT is an objective and standardized dexterity test designed to assess motor hand functions that reflect daily living activities. It consists of seven unilateral subtests, including writing, turning over cards, picking up small common objects, simulated feeding, stacking checkers, picking up large light objects, and picking up large heavy objects. The score reflects time to complete the tasks [14] . SARA is an eight-item reliable and valid clinical scale used to assess ataxia; scores range from 0 (no ataxia) to 40 (most severe ataxia) [15] .
A neuroradiologist, blind to clinical and neurophysiological data, classified ischemic lesions according to location and arterial supply (Fig. 1) . Patient 2 had a lesion in the posterior medulla, not involving motor tracts. All subjects provided written informed consent, and the protocol was approved by the ethics committee of Hospital das Clínicas/São Paulo University, Brazil.
Experimental Paradigm
TMS was delivered through a figure of eight coil (outside diameter 70 mm, maximum rate of change 22.5×10 3 T/s) Fig. 1 . Cerebellar infarcts in the territories supplied by the posterior inferior cerebellar artery (1, 2, 4, 5, and 7) and the superior cerebellar artery (3 and 6) connected to two 200 2 Magstim stimulators through a Bistim 2 module (The Magstim Company, Dyfed, UK). TMS measurements were obtained after identification of the hot spot of the abductor pollicis brevis (APB) muscle. Motor-evoked potential (MEP) amplitudes were recorded in the APB contralateral to the stimulated cerebral hemisphere with surface electrodes. MEPs were preamplified and bandpass filtered (2 Hz to 2 kHz).
Resting motor thresholds (rMT) is a measure of corticomotor excitability defined as the minimum TMS intensity required to elicit at least three out of six MEP≥50 μV in consecutive trials at rest. TMS stimulus intensities were expressed relative to rMT measured from the APB [16] .
SICI and ICF were determined with a classical protocol using paired-pulse TMS [9] . The intensity of the test stimulus was that required to evoke MEPs (MEP TS ) of approximately 0.5-1 mV. The intensity of the conditioning stimulus was 80% of the APB rMT. The order of presentation of inhibitory (2 ms) and facilitatory (10 ms) trials as well as test stimuli alone was randomized. Sixteen trials were recorded for each ISI.
MEPs were recorded at rMT, 130% rMT, and 100% stimulator's output intensities. M responses were obtained by supramaximal stimulation of the median nerve at the wrist, and results were expressed relative to the maximal peripheral M response peak-to-peak amplitudes (MEP/M, %). This measurement allows controlling for differences in muscle bulk and electrode position across subjects [17] reflecting the extent of activation of the spinal motor neuron pool of a target muscle by a single TMS pulse at a given stimulus intensity [18] . Ten MEP were recorded at each stimulus intensity.
Interhemispheric asymmetry for each TMS measurement was defined in patients as the ratio between results obtained in the two cerebral hemispheres: M1 contralateral to the cerebellar infarct (M1 contralesional )/M1 ipsilateral to the cerebellar infarct (M ipsilesional ).
The right hemisphere of age-matched healthy volunteers was used as a control for the right hemisphere of patients, and the same procedure was used for the left hemisphere. So, for an age-matched control of a patient with a right cerebellar lesion, the absolute difference was calculated as:
All waveforms were evaluated "off-line" with a playback program written in LabVIEW graphical programming language [19] .
Statistical Analysis
We quantified interhemispheric differences in TMS measurements within subject (right and left hemispheres) and Tables 1,  2 , and 3 for each individual chronic cerebellar stroke patient and healthy volunteer. There were no significant differences between patients and control subjects in rMT, SICI, ICF, or MEP/M (%) of either M1 ipsilesional or M1 contralesional . On the other hand, interhemispheric asymmetry in SICI was significantly different between patients and control subjects (p=0.048). In all patients, SICI was decreased in M1 contralesional compared to M1 ipsilesional (Fig. 2 ). There were no significant differences between patients and controls regarding interhemispheric asymmetry for rMT, ICF, or MEP/M (%).
There was a significant correlation between time from stroke and interhemispheric asymmetry in SICI (r=0.91, p= 0.004) but not in ICF (r=−0.49, p=0.26). Better dexterity, reflected in lower scores in the Jebsen-Taylor test, correlated significantly with decreased SICI in M1 contralesional (rho=−0.93; p=0.003). Patient 3 was an outlier, with worse performance in the JTT than the others. However, the significance of the correlation remained present even if this patient was excluded from analysis (rho=−0.89; p=0.019).
Discussion
The main finding of our study was that intracortical inhibition was decreased in M1 contralesional compared to M1 ipsilesional in all patients with chronic cerebellar infarcts. This effect was greater in patients studied at later stages after stroke onset.
In primates and rodents, deep cerebellar nuclei exert a primarily facilitatory effect on excitability in the opposite primary motor cortex [2, 20] . In monkeys, microstimulation of deep cerebellar nuclei often increases the likelihood of discharge of contralateral M1 neurons [2] . In rats, hemicerebellectomy decreases ICF [21] and blocks facilitatory effects of somatosensory stimulation on M1 excitability [22] . The latter phenomenon is also observed after inhibition of the interpositus nucleus [23, 24] . In humans, TMS or electrical stimulation of the cerebellum, given 5-7 ms before a TMS pulse is administered to the contralateral M1, result in M1 inhibition reflected in decreased MEP amplitudes. This is attributed to preferential excitation of Purkinje cells [25] by TMS or electrical stimulation. Purkinje cells are located more superficially compared to deep nuclei and inhibit the dentate nucleus. Inhibition of this nucleus in turn leads to loss of motor cortical excitation through dentatothalamocortical projections. Cerebellar infarcts in patients, on the other hand, often affect the cerebellar cortex as well as deep cerebellar nuclei, leading acutely to increased contralateral inhibition of M1. It is then possible that, in the acute phase after a cerebellar stroke, net increase in intracortical inhibition in Fig. 2 . Raw data, motor-evoked potentials after administration of test stimulus (TS) or paired pulses (conditioning stimulus, CS, followed by test stimuli, TS) in the right (RH) and left (LH) hemispheres in patients and controls. In patients, decreased inhibition of test responses is noticed in cerebral hemispheres contralateral to cerebellar infarcts compared to hemispheres ipsilateral to cerebellar infarcts. In healthy controls, inhibition of test responses were similar in the two cerebral hemispheres rMT resting motor threshold, SICI short-interval intracortical inhibition (%), ICF intracortical facilitation (%), MEP/M (%) relation between motor-evoked potential amplitude (MEP) and supramaximal M responses in M1 ipsilesional (ipsil.) and M1 contralesional (contral.), at stimulus intensities corresponding to resting motor threshold (rMT), 130%rMT, and 100% of stimulator's output the contralesional M1 [1] relates to the interruption of these dentate-cortical facilitatory connections [26] and possibly to the documented reduction in blood flow in the hemisphere contralesional to the cerebellar infarct (crossed hemispheric diaschisis). Our findings now indicate that in the chronic stage after a cerebellar infarct, there is a decrease in intracortical inhibition in the contralesional M1 (Fig. 3) . These neurophysiologic changes in M1 function seem to impact motor behavior since levels of intracortical inhibition correlated with dexterity in acute patients previously reported [1] and in our cohort of chronic patients in this study. A less likely explanation for our findings in chronic cerebellar patients is that at this stage, the lesion affected differentially dentate-cortical excitatory connections and Purkinje-dentate inhibitory connections, a possibility that we cannot discern with our present data (see Holdefer [2] ). Overall, our results point to a progression of changes in intracortical motor function over time following a contralateral cerebellar stroke leading toward progressive disinhibition of the primary motor cortex (Fig. 3) . In other paradigms, disinhibition of M1 has been a marker of intracortical plastic changes following motor learning, practice [27, 28] , somatosensory stimulation [29] , M1 anodal transcranial direct current stimulation [28] , and in pathological conditions such as cerebral hemispheric stroke (for review, see Talelli [30] ) and dystonia [31] . In that sense, finding of progressively more intracortical GABAergically mediated [32] disinhibition in M1 that correlated with dexterity may reflect adaptation to the motor control deficits evident in the acute phase post-infarct [1] , a role that has been previously assigned to the cerebellum [33, 34] . We cannot rule out the possibility that resolution of diaschisis and plasticity in unaffected cerebellar tissue, thalamus, or motor cortex may contribute to changes in SICI, issues beyond our experimental design. In line with findings in subtypes of cerebellar degeneration [35] and acute infarcts [1] in previous reports, we found no interhemispheric asymmetries in corticomotor excitability or ICF in our patients consistent with a prominent influence of cerebellar efferents on modulation of intracortical function in the opposite primary motor cortex [21] .
Conclusion
The modulatory role exerted by the cerebellum on contralateral M1 is crucial to smooth motor performance. Each cerebellar hemisphere compares afferent information during ongoing motor acts and provides the contralateral M1 with appropriate feedback, allowing for adjustments in motor output and control [20] as well as error correction [5, 6, 20] . SICI provides information on M1 intracortical inhibitory circuits, predominantly GABAergic [9] , and is influenced by manipulation of sensory input [36] , motor training, learning, cerebral hemisphere strokes, and also by cerebellar input. In healthy volunteers, SICI is symmetric. After a unilateral cerebellar infarct, there is an imbalance in output between the lesioned and the unlesioned cerebellar hemispheres: M1 contralesional experiences differential changes in SICI (increase in the subacute period [1] and decrease in the chronic period, our results; Fig. 3 ) compared with M1 ipsilesional . We conclude that intracortical M1 function experiences substantial plasticity at different stages following a contralateral cerebellar infarct and that these changes are likely to contribute to resolution of motor impairments present immediately after the ictal event. 
